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Abstract 
We have cloned the gene that encodes ubunit 4 of the T. brucei cytochrome-c reductase complex and a fragment of the C. fasciculata 
subunit 4 cDNA and have shown that subunit 4 is the Rieske iron-sulfur protein. The cleaved presequences of the trypanosomatid 
iron-sulfur proteins resemble conventional mitochondrial targeting presequences but are smaller than other eukaryotic ron-sulfur protein 
signal peptides. 
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In eukaryotes the mitochondrial cytochrome-c reductase 
complex is composed of a cytochrome b, a cytochrome cl, 
a Rieske iron-sulfur protein (ISP), and a variable number 
of subunit proteins that lack prosthetic groups. Of these 
subunits only the cytochrome b is encoded in the mito- 
chondrial genome; the remaining proteins are encoded in 
the nuclear genome, are translated on cytosolic ribosomes, 
and are imported into the mitochondrion. The cytochrome 
c I and the ISP subunits are usually synthesized as precur- 
sor proteins with amino-terminal extensions that target he 
proteins for mitochondrial import [1,2]. However, we re- 
cently reported that the cytochromes c l of kinetoplastid 
protozoa lacked such mitochondrial targeting presequences 
[3]. To determine if the trypanosomatid ISP subunits of the 
reductase complex have a potential signal sequence, we 
have cloned both a cDNA fragment hat encodes the 
amino-terminal region of the Crithidia fasciculata ISP and 
the entire genomic ISP coding sequence from Try- 
panosoma brucei. We have identified subunit 4 of the 
trypanosomatid cytochrome-c reductase complex as the 
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Rieske iron-sulfur protein and have shown that, unlike the 
cytochrome c 1, this protein has a presequence. 
Clone p5'CfB4 was obtained by PCR from C. fascicu- 
lata cDNA. Poly(A) ÷ mRNA was selected and first strand 
cDNA was synthesized as previously described [4]. Deoxy- 
oligonucleotides JP-1 (5'-CAG TTT CTG TAC TTT ATT 
G-3'), corresponding to the trans-spliced mini-exon se- 
quence that is found on the 5' end of all nuclear encoded 
trypanosome mRNAs [5], and BZ-2 (5'-GGN GTN GTN 
CCY TCN AGY TG-3'), a degenerate sequence derived 
from the amino-terminal protein sequence of C. fascicu- 
lata cytochrome-c reductase subunit 4 (QLEGTFP) [6], 
were purchased from Oligos, Etc. (Guilford, CT). Ampli- 
Taq DNA polymerase was used as directed by the manu- 
facturer (Perkin-Elmer Cetus) with 100/zM concentrations 
of both JP-1 and BZ-2. The following amplification proto- 
col was used: 30 cycles of 94°C for 1 min, 55°C for 2 min, 
and 72°C for 3 min followed by one cycle of 72°C for 15 
min. The resulting 300 nt fragment was gel purified and 
cloned into the Sinai site of Bluescript SK ÷ plasmid 
(Stratagene) [4]. Both strands were sequenced using the 
chain termination technique (Sequenase version 2.0, USB 
Corp.). 
A full-length clone of the T. brucei cytochrome-c re- 
ductase subunit 4 gene was selected from a NsiI genomic 
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1 ICAGTTTCTGTACTTTATT~CAT~GTAGCT~GTGTAAAGAGAAAGCCAAAAAGAGACGA 
62 TCAGTG~CGACTCAGTCC~GTTTCAAACTCCTGTTCTTCTTCTGTCTCGGGTCTGTTTC 
123 CTCGCTTTTTATTCTAGTAGCC~TCGCTGAGCGTGTGTGCGTGTGC~CGTCTTTGTTTT 
184 TCTTTCTT~GATCCCGTATACGCCATCATGTTCCGCCGCACCTTCACGAC~CCTTCCAG 
M F R R T F T T A F Q  
245 GC~CCCGCGCCGCCCGCGTGTCGCTGCTGGTG~GCAGCTCGAGGGCACCACCCC 
A T R A A R V S L L V K Q L E G T T P  
Fig. 1. Nucleotide and ~duced amino acid sequence of the C ~sciculam cytochrome-c ~ductase subunit 4 (iron-sul~r protein) cDNA. The sequence of 
the mini-exon primer (JP-I) is boxed. The underlined sequence co~esponds to the BZ-2 primer. 
library. T. brucei DNA was digested with NsiI and frag- 
ments between 2.3 kb and 4.4 kb were purified from a 1% 
Seaplaque GTG agarose gel (FMC). The fragments were 
ligated into PstI digested Bluescript SK ÷ plasmid and 
cloned into DH5c~ cells (BRL). A probe generated from a 
partial clone of the T. brucei subunit 4 cDNA, p5' TbB4[4], 
was used for colony hybridization [7]. Both strands of the 
protein coding sequence were sequenced as described 
above. 
The sequence of the C. fasciculata subunit 4 cDNA 
clone from the trans-spliced mini-exon to the BZ-2 coding 
sequence deoxyoligonucleotide s shown in Fig. 1. The 
clone contains one open reading frame beginning at nu- 
cleotide position 212 and encoding an amino acid se- 
quence identical to that determined for the mature cy- 
tochrome-c reductase subunit 4 protein (6) (see Fig. 4). 
A map of the T. brucei genomic subunit 4 clone is 
shown in Fig. 2A. The 3.2 kb clone contains an 894 nt 
open reading frame that begins 103 nt downstream from a 
HinCII site (Fig. 2B). In Fig. 3, a BESTFIT alignment [8] 
of the deduced amino acid sequence with the sequence of 
the Neurospora crassa Rieske iron-sulfur protein [9] 
demonstrates that subunit 4 of the trypanosomatid cy- 
tochrome-c reductase complex is the Rieske iron-sulfur 
protein. The T. brucei protein shares 32% identity with the 
N. crassa protein and has the two universally conserved 
hexapeptides (CTHLGC at position 238 and CPCHGS at 
position 257) that have been implicated in the coordination 
of the iron-sulfur center [10]. The T. brucei protein differs 
from the N. crassa protein in that it is unusually large 
(33.6 kDa precursor, 31.6 kDa mature protein versus 24.7 
kDa and 21.6 kDa for N. crassa, respectively) [9], Priest 
and Hajduk, unpublished). This large size appears to be a 
common feature of the trypanosomatid iron-sulfur proteins 
since the mature C. fasciculata protein is 38.1 kDa [6] and 
the mature Leishmania tarentolae protein is about 35 kDa 
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HinC II 
i GTTAACGTGTGAGGTGAA•CCCGTACCAGTTGTATTCTCCAGACGGCGGCAAATATATACGCTCTAAGAGAGGGAGAGAG 
81 AAAAAGAAACTATAAGCACTTTAA~kT.-~TTCCGCAGGTCCTGCATATCAGCTTTCCAACCCACGGCATTCCTTCGCGTATC 
161 GCTGGTCTTTAAGCAACTTGAAGGTTCCAACCCATTAACTGTAAAGGACAGACCCGTGAATTCATGGTCCGACGAATTTC 
241 TAAAACCACCCGTATCGAAAGAGATGGCAGACAAGTACGGCCGATACGCCAAATACTCCGACCCAACGTTGTGTTCAGTG 
321 GATACCTCTTCTGAGGTTGTTCTCAACACATATCCGGAGGGATCTCGTGAGGGACGCATTGAGGCCACAGCCGGCGTCGC 
401 TCTCAAGGATTACGACGCTTCCATGTGGGACGAGGAGTTTTTCCGCAAGTACATATTGAAACCAAAGTTGCCTAATGAAT 
481 TAGAGGACCGTGCGCGCGTCACAGACTATGCGCTGAATTCTGCATTGTTGGGATTTGTTATTCTTATGGTGCGGTATGCC 
561 GTGTTGCCGCTGTGGTACGTTGGACAGCCGGCCATGTCCATGGTTGGTCAAATGAACATTGAGGCTGAGGTGGGTGAGCT 
641 AGAGGACCGTGAATGCAAGACTGTAGTATGGCGGGGCAAACCCGTGTTTGTTTATCGCCGCTCAGAGCGCCAAATGAATG 
721 ATGTGCTGGGGACTCCACTCAGTGCACTGAAGCATCCCGAAACGGACGAGGCCCGCTTCCCTGACCATCGTGAAATGGCT 
801 GTTGTCATCGCTATTTGCACTCATCTCGGGTGCATTCCCATTCCTAACGAGGGTCTCTTTGGTGGCTTCTTCTGTCCGTG 
881 TCACGC.CAGTCATTACGACGCTTCAGGTCGTATTCGTCAAGGTCCCGCCCCTCTTAACTTGGAGGTACCGCCGTACCGCT 
961 GGGTGGATGATAAGACGATATATTTGGGAAAACTAT~GGAAAGCGATGCAGTTCTTCAGGATATGCGTTCATGA 
BspH I 
Fig. 2. Restriction map and nucleotide sequence of the T brucei cytochrome-c reductase subunit 4 (iron-sulfur pro~in) gene. (A) A 3.2 kb Nail fragment 
was found to contain the complete 894 bp iron-sulfur pro~in coding sequence (shaded box). The clone also contains approx. 1.3 kb of non-coding 
sequence upstream of the gene and 1 kb of downstream sequence. The restriction enzymes used were NsiI (N), BspHl (B), KpnI (K), HinCII (H), and 
EcoRI (E). (B) Nucleotide sequence between the HinCII and the first BspHI restriction si~s. The ATG initimion and UAG stop codons are underlined. 
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NcFeS 1 MAPVSIVSRAAMRAAAAPARAVRALTTSTALQ ..... .'GSSSSTFESPFK 44 
I . I . :1  . I . . . . .  : .1 . . I . :1  . I .1 . . I  . I  
TbFeS 1 MFRRSCISAFQPTAFLRVSLVFKQLEGSNPLTVKDRPVNSWSDEFLKPPV 50 
t 
45 GESKAAKVPDFGKY .... HSKAPPSTNMLFSYFMVGTMGAITAAGAKSTI  90 
: . . . I . I  . : :11  : : :  . . . .  I . : : : : .  : I . . : :  . . I . I  . :  
51 SK~KYGRYAKYSDPTLCSVDTSSEVVLNTYPEGSREGRIEATAGVAL i00 
91 QEFLF/a4S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 
.:: .[. 
i01 KDYDASMWDEEFFRKY ILKPKLPNELEDRARVTDYALNSALLGFVILMVR 150 
99 .. . . . . . . . . .  AS ADVLAMAKVEVDLNA I PEG KNV I IKWRGKPVF I RHRT 137 
: .  . : : :  . : l . : : . . : . :  . . :  I I I I I I1 :  :1 .  
151 YAVLPLWYVGQPAMSMVGQMNIEAEVGELEDRECKTVVWRGKPVFVYRRS 200 
138 PAE IEEANKVNVATLRDPETDADRV.KKPEWLVMLGVCTHLGCVpIGEAG 186 
• : : : : .  . : . .1 : .1  I I . . I  . . . .  I I : : : : l l l l l l : l l . : . l  
201 ERQMNDVLGTPLSALKHPETDEARFPDHREMAWIA ICTNL~CIP IPNEG 250 
187 DYGGWFC PCHG SHYDI SGR IRKGPAPLNLE I PLYEF PEEGKLVIG 231 
: l i : l l l l l l l i l l  II l l . i l l l l l l l : l  I :.:: .: :I 
251 LFGGFFC PCHGSHYDASGRIRQG pAPLNLEVPPYRWVDDKTI  YLGKL 297 
Fig. 3. Amino acid sequence omparison of iron-sulfur proteins. Using 
the BESTFIT program and the default comparison values [8], the se- 
quence of the N. crassa protein (NcFeS) [9] was aligned with the amino 
acid sequence d duced from the T. brucei gene sequence given in Fig. 2B 
(TbFeS). The two universally conserved hexapeptide s quences are un- 
derlined. The mature amino terminus of the N. crassa protein is indicated 
by an arrow. The predicted amino terminus of the T. brucei protein is 
indicated by an arrowhead. 
(Priest and Hajduk, unpublished). The significance of this 
size difference has yet to be determined. 
In Fig. 4 the amino-terminal portions of the deduced C. 
fasciculata and T. brucei ISP sequences are aligned with 
the amino-terminal sequence of the purified C. fasciculata 
protein [6]. The first 17 residues encoded by the C. fascic- 
ulata cDNA are absent from the mature protein. Based on 
sequence homology, the same 17 residues are probably 
cleaved from the amino terminus of the T. brucei protein. 
The cleavage of this 17 residue sequence from the amino 
terminus of the precursor protein, the presence of numer- 
ous basic and hydroxylated amino acids in the sequence, 
and the absence of negatively charged amino acids all 
suggest hat the trypanosomatid ron-sulfur proteins have 
mitochondrial targeting presequences [11]. However, the 
trypanosomatid ISP presequences are considerably shorter 
than the 32, 30, 78, and .53 residue signal peptides found 
on the N. crassa, S. cerevisiae, bovine heart, and potato 
proteins, respectively, [9,12-14]. A short mitochondrial 
targeting presequence may be a common feature of the 
nuclear encoded trypanosomatid proteins since the only 
other identified presequence (the C. fasciculata mitochon- 
drial HSP 70 protein presequence r ported by Effron et al.) 
is only 20 amino acids long [15]. 
C.f. prot * VSLLVKQLEGTTPLTKKDKPVN 
C.f. cDNA MFRRTFTTAFQATRAARVSLLVKQLEGTTP 
I J l l :  : I I  I l l l l : : l l l l l :  I l l  I I : l J i  
r.b. DNA MFRRSC I SAFQPTAFLRVS LVFKQLEG SNPLTVKDR PVN 
Fig. 4. Comparison of the deduced C. fasciculata and T. brucei amino- 
terminal iron-sulfur protein sequences (Cf. cDNA, T.brucei DNA) with 
the sequence determined from the mature C. fasciculata protein (Cf. 
prot.) [6]. Residues that are identical between the two species are indi- 
cated by a line (D, while positions having conservative substitutions are 
indicated by a colon (:). 
We are currently working to determine whether the 
trypanosomatid ISP presequences are processed in one step 
like the bovine heart and potato proteins [13,14] or in two 
steps like the yeast and N. crassa proteins [16,17]. Hen- 
drick et al. [18] have identified a three amino acid motif 
shared by leader peptides that are processed in two steps: 
an Arg 10 residues upstream of the mature amino terminus 
of the protein, a hydrophobic amino acid (usually Phe) 8 
residues upstream, and a Ser, Thr, or Gly 5 residues 
upstream. Given that the trypanosomatid ISP presequences 
conform to this motif at two of three positions (Phe at - 8 
and Thr at -5 )  (see Fig. 4), it is interesting to speculate 
that these proteins may be cleaved by both a matrix 
processing protease and an intermediate peptidase like 
their fungal counterparts. 
The presence of a presequence suggests that the iron- 
sulfur protein is imported into the mitochondrion along a 
conservative sorting pathway and that the import pathway 
of the cytochrome cI subunit of the reductase complex 
(which lacks a signal peptide) may be unique to that 
protein [4]. We are currently studying these import path- 
ways in vitro using a newly developed trypanosome mito- 
chondrial import system. We have shown that both the 
iron-sulfur protein and the cytochrome cl are imported but 
only the iron-sulfur protein is processed (Priest and Haj- 
duk, unpublished). 
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